1984; Pennefather et al., 1985; Blatz and Magleby, 1986) . These channels are intriguing because they provide a link between second-messenger systems, such as the inositol triphosphate (IP,)-induced release of intracellular Ca*+, and the membrane potential. Some members of this channel subgroup are also targets for other intracellular modulators such as protein kinase C (Baraban et al., 1985; Doemer et al., 1988; Kaczmarek, 1988; Shearman et al., 1989) and protein kinase A (PK-A; De Peyer et al., 1982; Ewald et al., 1985; Lechleiter et al., 1988; Kume et al., 1989; Sikdar et al., 1989) .
Using reconstitution techniques, we have described two distinct types of maxi-K+ channels in brain plasma membrane preparations (Reinhart et al., 1989) . These two channel types share a number of properties such as the unitary conductance, voltage dependence, and TEA sensitivity. The main differences are that type 1 or "fast-gating" channels are blocked by charybdotoxin (CTX), while type 2 or "slow-gating" channels show different gating kinetics and are not blocked by nanomolar concentrations of CTX. The ability to incorporate these two channel types from brain plasma membrane vesicles into planar lipid bilayers opens the possibility to study the modulation of these channels in a defined environment, devoid of interactions with any but tightly associated intracellular components. In the preient study, we show that protein phosphorylation by PK-A can modulate the gating kinetics of type 1 and type 2 maxi-K+ channels. The direction of modulation is dependent on the individual channel type. These effects of PK-A can be reversed by protein phosphatase 2A (PP-2A), but not by protein phosphatase 1 (PP-1). The effect of such phosphorylation and dephosphorylation cycles may be to adjust precisely the Ca*+/ voltage sensitivity of target ion channels.
Some of these data have been previously presented in abstract form (Reinhart and Levitan, 1987) . Materials and Methods Vesicle preparation. Rat brain plasma membrane vesicles were prepared as described previously (Reinhart et al., 1989) . Briefly, brains were rapidly excised and immediately homogenized in an ice-cold isotonic sucrose buffer IO.25 M sucrose, 2.5 rnM KCl, 0.1 mu EGTA, 0.1 mr+r dithiothreitol, and 20 mM HEPES (pH, 7.2)]. The homogenate was centrifuged at 800 x. g for 3 min, the pellet was washed once, and the supematants were centrifuged at 30,000 x g for 10 min. The pellet was resuspended in a hypotonic "lysis buffer" and allowed to stand on ice for 20 min. The membranes were then rehomogenized, pelleted, and layered under a discontinuous step gradient of Percoll(25%, 18%, lo%, and O%, v/v) . The gradients were centrifuged at 45,000 x g for 2 min, and the membrane fractions banding at the O-10% interface were collected. The Percoll was removed by centrifugation, and the membranes were frozen at -70°C.
Planar bilayers and membrane vesicle fusion. Single Ca*+-activated K+ channels were inserted into planar lipid bilayers (Mueller and Rudin, 1969) formed from a mixture of 1 -palmitoyl, 2-oleoyl-phosphatidylethanolamine (PE) and I -palmitoyl, 2-oleoyl-phosphatidylserine (PS; 3: 1) in n-decane, as described previously (Reinhart et al., 1989) . Membranes were added to the cytoplasmic solution consisting of 150 mM KCI, 1.05 mM CaCl,, 1 mM EGTA, 1 mM MgCl,, 7 mM KOH, and 10 mM HEPES (pH, 7.2). The extracellular solution consisted of 0.1 mM EGTA, 7 mM KOH, and 10 mM HEPES (pH, 7.2). For experiments involving the addition of PK-A, 500 PM Mg-ATP was added to this solution.-For some experiments, the CaZ+ concentration was adjusted bv adding more EGTA or more CaCl,. Calf-activated K+ channels inserted predominantly in one orientation, that is, with the Ca2+-sensing side facing the cytoplasmic solution. After the incorporation of a channel, further fusion was suppressed by adding 50 mM KC1 to the extracellular side, thereby reducing the transmembrane osmotic gradient. The electrical conductance of the bilayer was measured under voltageclamp conditions at room temperature. Voltages are expressed in cellular convention, that is, the voltage of the cytoplasmic side with respect to the extracellular side. Solution changes were made by perfusing either the cytoplasmic or the extracellular chambers. Electrical recordings and analysis. Single-channel currents were amplified using a IO-GQ feedback resistor, filtered at 14 kHz using an &pole Bessel filter, and recorded on a fi-videocassette recorder after 16-bit diaitization at 44 kHz with a pulse code modulator (Sonv PCM-701 ES). Data were analyzed off line using an MS-DOS-compatible computer (Everex 386, 20 MHz) equipped with a Tecmar Labmaster A/D board coupled to an Indec IBX Instrumentation Interface, and utilizing an Indec BASIC-Fastlab software library. Using operator-assisted computer programs, single-channel currents were sampled at either 4 or 8 kHz (unless otherwise indicated) and searched for transitions away from baseline. The threshold for detecting opening and closing transitions was set to 50% of the open-level current for each individual event. In this way, current levels corresponding to each closed/open transition were reduced to three values corresponding to the closed time, open time, and amplitude. Such reduced data lists were then further transformed to yield the open probability, mean amplitude, closed-time distributions, and open-time distributions. All experiments were repeated at least four times.
Kinase and phosphatase preparations. The catalytic subunit of the CAMP-dependent protein kinase was prepared from bovine heart essentially as described previously Peters et al., 1977) . The final purification was achieved by HPLC using a Du Pont GF-250 gel filtration column. Catalytic subunits of protein phosphatases 1 and 2A were prepared by a modification of the procedure of Brautigan et al. (1985) as described by Pallis et al. (1990) .
Materials. All lipids were from Avanti Polar Lipids (Birmingham, AL). Percoll was from Pharmacia (Boston. MA). Decane was from Aldrich (Milwaukee, WI).
Results
Rat brain Ca2+-activated K+ channels were incorporated into planar lipid bilayers (PE/PS, 3: 1) and clamped at + 10 mV using asymmetric ionic conditions (150 vs. 50 mM KCl, cytoplasmic vs. extracellular). Previous experiments have shown that under such conditions two different types of maxi-K+ channels can be incorporated (Reinhart et al., 1989) . The channels can be differentiated on the basis of a number of criteria. Type 1 channels are characterized by shorter mean open times and shorter mean closed times; that is, they appear to be fast-gating channels and are blocked by nanomolar concentrations of CTX. Type 2 channels are slow gating, less sensitive to Ca*+ by a factor of 2-5, and are not blocked by CTX. Hence, we can unequivocally assign brain maxi-K+ channels as being either type 1 or type 2.
Shown in Figure 1 is a single-channel record of a type 1 maxi-K+ channel (openings appear as upward deflections). Following addition of 400 nM PK-A, there was an upregulation of type 1 channels in 22 of 43 experiments, resulting in the channel being open most of the time (Fig. 1, center trace) . Addition of 30 nM catalytic subunit of PP-2A resulted in the reversal of the PK-A-induced upregulation of this maxi-K+ channel (Fig. 1, bottom trace) in five of six experiments. Addition of comparable levels of PP-1 instead of PP-2A was without effect (four experiments; data not shown). We often observed that, after PK-A upregulation, the addition of PP-2A lowered the open probability of channels to below control levels (cf. Fig. 1 , top and bottom traces). Presumably, the channel is incorporated in a partially phosphorylated form prior to PK-A addition, and these endogenous phosphates can be removed by the addition of PP-2A.
In 15 of 43 experiments with type 1 channels, PK-A had no significant effect on channel gating. To investigate whether this resulted from the incorporation of already highly phosphorylated type 1 channels, we examined the effects of adding PP-2A in the absence of any added PK-A. The data in Figure 2 show that adding PP-2A to type 1 channels prior to the addition of any PK-A caused a pronounced decrease in the open probability of the channel (four out of six experiments). To confirm that PP-2A addition after PK-A treatment (Fig. 1) does indeed reverse the actions of the kinase and is not removing endogenous phosphate groups present on the channel prior to PK-A administration, we first treated a type 1 channel with PP-2A and then perfused the cytoplasmic side of the channel extensively. After this treatment, we then added PK-A to activate the channel. Under these conditions, addition of PP-2A is still able to reverse the effect of PK-A (data not shown). In contrast to these results with type 1 channels, PP-2A added to type 2 channels prior to the addition of PK-A is without effect (four out of four experiments). Heat-inactivated PP-2A is without effect on either type 1 or type 2 channels. In all experiments, there was a time lag ranging between 30 set and 3 min from the addition of either PK-A or PP-2A to the change in the activity of the channel, consistent with an enzymatic reaction taking place.
Initially we observed that PK-A significantly decreased the open probability of type 1 channels in one out of eight experiments. Increasing the number of experiments, we found this response in 6 of 43 experiments. Therefore, it seems that a subgroup of type 1 (CTX-sensitive) channels is downregulated by PK-A. This subgroup appears to represent a channel type that cannot be distinguished from the majority of type 1 channels by the criteria of gating kinetics and toxin sensitivity.
In contrast to the upregulation observed with most type 1 channels, the addition of PK-A to type 2 maxi-K+ channels resulted in a decrease in the open probability of these channels in seven out of eight experiments (Fig. 3 , center trace). Again, addition of PP-2A reversed these effects on type 2 channels (four out of four experiments; Fig. 3 , bottom trace). Hence, the effects of PK-A and PP-2A on this channel type are opposite to that on type 1 maxi-K+ channels. Note that the open probability of the channel after kinase and phosphatase treatment is about the same as the open probability of the untreated channel ( whether added alone or after PK-A treatment. In the absence of PK-A or PP-2A, we never observed rapid, large changes in the open probability of single ion channels (Fig. 4B ).
The effects of PK-A and PP-2A treatment on type 2 channels are shown in Figure 5A . After addition of PK-A, there is a steep 200 Ins Figure 1 . Upregulation oftype 1 Ca*+-activated K+ channels by CAMP-dependent protein kinase and reversal of this effect bv PP-2A. Sinele-channel current records were obtaiied by incorporating plasma membrane vesicles from rat brain into PE/PS (3: 1) planar bilayers. To facilitate detection and characterization of ion channels, asymmetric salt conditions were used (150 mM KC1 on the cytoplasmic side, 50 mM KC1 on the extracellular side). The free Ca2+ concentration was adjusted to approximately 0.5 PM using either CaCl, or EGTA, and the voltage across the bilayer was clamped at + 10 mV. For all traces, channel openings (0) are shown as upward deflections from the closed-level current (C). The top truce shows a 2.25-set control sweepjust prior to the addition of PK-A; the center trace, a 2.25-set sweep 3 min after the addition of 400 nM PK-A, and the bottom trace, a 2.25-set sweep obtained 3 min after the addition of 30 nM of PP-2A and while still in the presence of PK-A. Current fluctuations were filtered at 2 kHz and digitized at 4 kHz. decrease in the single-channel open probability, reaching a new steady state within 5 min. The new open probability tends to be constant, without the large oscillations observed for type 1 channels. Addition of PP-2A produces a sharp increase in p,, reversing the effects of PK-A by restoring the p, to initial values over a 5-min period. Thus, the effects of PK-A and PP-2A appear to be mirror images on type 2 channels. Even though spontaneous open-probability shifts for type 2 channels are typically larger than those observed for type 1 channels, we never observed sudden large open-probability shifts in the absence of Type-l Channel (Fig. 5B) . We never observed any effects of heat-inactivated PK-A (n = 3) or of PK-A added in the absence of ATP (n = 4). An analysis of the open-time and closed-time distributions (Table 1) revealed that both type 1 and type 2 channels can be described by three closed states and two open states. The fit for the open-time distribution for type 1 channels was only slightly improved by fitting to a sum of two rather than a single exponential term. Table 1 shows that the effect of PK-A on type 1 channel gating is to shorten closed times and increase open times, though the change in closed times is predominant. There appears to be little effect on the fastest "flickery" closed state, but this state is not clearly resolved in our experiments. It can also be seen that PP-2A modifies the same kinetic parameters as PK-A but in the opposite direction. The effect of PK-A on type 2 channels is also to alter both the open-time and the closedtime distributions. For this channel type, the effect on open times may be larger than on type 1 channels. Thus, the effects of phosphorylation on channel gating are complex in that at least two open states and two closed states are modulated. Because these effects are very similar to those produced by altering Ca2+ concentrations, we examined the relationship between Ca2+ and phosphorylation. The open probability of a type 1 channel was examined as a function of the intracellular free Ca*+ concentration. The results are plotted in Figure 6 according to the Hill equation, showing a straight line (slope = 1.9). Following reaction with PK-A, there is a shift in the Ca*+ dependence, the channel now being two to three times more sensitive to Ca*+ Single type 1 channels were incorporated into lipid bilayers as described in Figure 1 . The open probability of these channels was adjusted to approximately 0.3, using either CaCl, or EGTA. Open probabilities were continuously calculated, and each point represents the value for a 60-set sweep. A, The arrows mark the time at which either 400 nM PK-A or 30 nM PP-2A was added to the cytoplasmic side of the channel. B, The open probability of a channel was adjusted to approximately 0.5, using either EGTA or CaCl,, and continuously monitored for 60 min without addition of any enzymes. Under such conditions, we never observed large sudden shifts in the open probability of single ion channels (n = 5).
(curve shifted to the left), apparently without a significant change in the number of Ca2+ binding sites-(slope not changed). We were unable to examine the effect of phosphorylation on the Ca2+ dependence of type 2 channels, due to the experimental difficulties of obtaining single channels with minimal spontaneous open-probability fluctuations over a l-2-hr period. In contrast to experiments with PK-A and PP-2A for which only end-point measurements are required, Ca2+ titration experiments require exceedingly stable recordings, which we were unable to obtain for this channel type. Single type 2 channels were incorporated into lipid bilayers as described in Figure 1 . The -open probability of these channels was adjusted to approximately 0.5 and measured as described in Figure 4 . A, The arrows mark the time at which either 400 nM PK-A or 30 nM PP-2A was added to the cytoplasmic side of the channel. B, The open probability of a control channel was monitored for 60 min as described in Figure 4 .
Discussion Phosphorylation modulates maxi-K+ channel gating
We have shown here that phosphorylation and dephosphorylation of maxi Ca2+-activated K+ channels from rat brain causes upregulation and downregulation under defined conditions. Both type 1 and type 2 channel types can be modulated by a protein phosphorylation and dephosphorylation cycle, catalyzed by PK-A and PP-2A. The most consistent effect of PK-A on type 1 channels is to increase the open probability of these channels. The extent of this effect is dependent on the open probability ofthe channel prior to treatment. The largest effects are observed when initial open probabilities are between 0.3 and 0.6. The effects of PK-A are minimized when the open probability is outside this range, as a result of changing either the holding PJ*+1 (W Figure 6 . Phosphorylation increases the Ca*+ sensitivity of type 1 channels. Single type 1 Ca2+-activated K+ channels were incorporated into lipid bilayers as described in Figure 1 . The Ca2+ concentration on the cytoplasmic side of the channel was increased in a step-wise manner, and the open probability was calculated (open circles). The cytoplasmic side of the channel was then extensively perfused, 300 nM PK-A was added, and the Ca*+ concentration again changed in a step-wise manner (solid circles). The Hill coefficient for individual channels ranged between 1.4 and 2.5 (n = 5).
voltage or the free Ca2+ concentration. Upregulation of Ca2+-activated K+ channels by PK-A has been described in a number of tissues (Ewald et al., 1985; Farley and Rudy, 1988; Lechleiter et al., 1988; Sadoshima et al., 1988; Kume et al., 1989) , and this may represent a common type of response to elevation of cellular CAMP levels. However, there is evidence that Ca2+-activated K+ channels from pituitary gonadotrophs, like type 2 channels from brain, may also be downregulated by PK-A (Sikdar et al., 1989) .
Protein phosphatases can reverse the efects of PK-A An unexpected observation is the specificity of the purified catalytic subunit of PP-2A in reversing the effect of PK-A on both types of maxi-K+ channels. Because PP-2A exactly reverses the effects of PK-A, the observed changes in gating kinetics must be due to protein phosphorylation. Significantly, PP-1 cannot mimic the effects of PP-2A, though these phosphatases have been shown to have broad and overlapping specificities on a number of other substrate proteins Cohen, 1989) . However, recent in vivo studies have demonstrated a similar degree of specificity for PP-1 versus PP-2A, where only PP-1 dephosphorylates myosin light chains to produce rearrangement of the microfilament network in fibroblasts (Fernandez et al., 1990) . This specificity of phosphatases for maxi-K+ channels opens the possibility that PP-2A is another locus for the modulation of ion channel activity. Evidence that there is partial endogenous phosphorylation of Ca2+ and Na+ channels (Curtis and Catterall, 1985; Hosey et al., 1986; Armstrong and Eckert, 1987; De Jongh et al., 1989; Emerick and Agnew, 1989) and Ca2+-activated K+ channels (present results) highlights the possible role of PP-2A in regulation. Regulation of phosphatase activity, even without a change in kinase activity, may lead to an alteration in channel-gating kinetics. It is known that brain contains significant amounts of all four major classes of phosphatases (PP-1, PP-2A, PP-2B, and PP-2C) bound to membranes (see Cohen, 1989) , and that brain may also contain two novel phosphatases (LP-1 and LP-2), which have been proposed to play a unique role in the regulation of brain functions (Yang et al., 1986 (Yang et al., , 1987 .
Phosphorylation alters the Ca2+lvoltage dependence of maxi-K+ channels To gain further insight into how phosphorylation alters channel gating, we have analyzed the effects of PK-A on channel opentime and closed-time distributions (Table 1) . Channel gating could be described in terms of three closed states and two open states. As has been reported previously (McManus and Magleby, 1985) , many channel closings are very brief (0.5 msec or less) and are only poorly resolved in our experiments. The effect of PK-A on type 1 channels can be thought of as destabilizing at least one closed state and stabilizing at least one open state. The effects on the closed states are usually larger than the effects on the open states. This is similar to findings made in cultured smooth-muscle cells, where PK-A was also shown to change predominantly the closed state (Sadoshima et al., 1988) . However, the latter experiments were carried out at very low open probabilities (p, = 0.0 15-0.06), at which the channel open times were only approximately 1 msec, and small changes in the opentime distribution may not have been detected at a filter cutoff of 2 kHz. Treating type 2 channels with PK-A has the opposite effect to that on type 1 channels: open states are destabilized, and closed states are stabilized. These alterations of both open-time and closed-time distributions (with little if any effect on the fast flickery closed state) are very similar to changes due to the addition of either Ca2+ or EGTA to channels (Magleby and Pallotta, 1983; Moczydlowski and Latorre, 1983; Vergara and Latorre, 1983; McManus and Magleby, 1985; Singer and Walsh, 1987) . Hence, the kinetic "fingerprint" produced by phosphorylation is consistent with the possibility that phosphorylation alters the Ca2+ sensitivity of Caz+-activated K+ channels. This possibility, first proposed by De Peyer et al. (1982) was examined more directly by comparing the effect of PK-A on type 1 channels at a range of free Ca2+ concentrations. Phosphorylation seems to increase the Ca2+ affinity of the channel by a factor of two to three; that is, less Ca2+ is required to open the phosphorylated channel to any given open probability. The number of Ca2+ ions involved in channel upregulation does not appear to change after PK-A treatment, as judged by the similarity in Hill coefficients. Thus, phosphorylation of this type of channel may not alter channel gating per se, but rather alter gating indirectly by stabilizing the binding of Ca2+. Alternatively, our data could be interpreted to indicate that the voltage dependence of the channels is being modulated. The voltage dependence of these channels is not clearly understood, and it is possible that the Ca2-binding step itself may be voltage sensitive (Moczydlowski and Latorre, 1983 ; but see Methfessel and Boheim, 1982 , for an alternative proposal). Hence, phosphorylating a "voltage-sensor" region of the channel could induce a significant alteration in the voltage and calcium dependence.
A correlation between phosphorylation and the shift in the Ca2+ sensitivity of maxi-K+ channels may account for the large differences in the Ca2+ sensitivities of these channels observed by numerous workers (Marty, 1983 (Marty, , 1989 Singer and Walsh, 1986; Wolff et al., 1986) . Biochemical studies on the phosphorylation of Ca*+ and Na+ channels have revealed that PK-A often produces little or no incorporation of phosphate into channel subunits because the target residues are already phosphorylated when the channel is isolated Emerick and Agnew, 1989) .
Modulation may involve multiple phosphorylation sites
The time delay between the addition of PK-A and the onset of any change in gating kinetics is clearly longer than for Ca2+ or EGTA, indicating either that PK-A must overcome some diffusion barrier, that multiple sites must be phosphorylated before gating is affected, or that an endogenous phosphatase activity is competing with the PK-A activity. We believe that, because a shift in gating can take some minutes before a maximal effect is observed, and because the shift is gradual rather than occurring in a discrete jump, multiple sites are being phosphorylated in individual ion channels. For Na+ channels, Ca2+ channels, and ACh receptor/channels, it is known that multiple phosphorylation sites exist (Huganir et al., 1986; Catterall et al., 1988; Hosey and Lazdunski, 1988; De Jongh et al., 1989; Rossie and Catterall, 1989) .
To examine whether the channel itself is being phosphorylated, rather than some intermediate "regulator" protein which in turn modulates the channel, we extensively perfused the cytoplasmic side of the channel after vesicle fusion, thereby removing any unfused vesicles or soluble regulator proteins. These conditions did not significantly alter the actions of PK-A on either type 1 or type 2 channels. Because any proteins incorporated into the planar bilayer are essentially at infinite dilution, this indicates that phosphorylation of either the channel itself or a tightly associated protein is responsible for channel modulation.
After PK-A has induced a shift in gating kinetics, we often see large fluctuations in the open probability of individual ion channels. These fluctuations are on a time scale of many seconds to minutes and may indicate either that the effects of PK-A on channel gating are very complex, allowing the channel to move between a number of kinetic states, or that a phosphatase activity tightly associated with the channel is bringing the open probability back to control levels. This latter possibility suggests that the phosphorylated and dephosphorylated states of an ion channel are actively "cycled," so small changes in the activity of either the kinase or the phosphatase can result in rapid changes in the phosphorylation state, and hence the activity of the channel. Evidence that such mechanisms may occur in vivo has recently been presented by Klumpp et al. (1990) . These workers made use of okadaic acid, a membrane-permeable polyether inhibitor of PP-1 and PP-2A, to show that PP-1 is responsible for dephosphorylation and closure of calcium channels in Paramecium. It has been proposed that such dephosphorylated channels represent a "closed-inactivated" state and must be rephosphorylated to become resensitized to depolarizing stimuli (Armstrong and Eckert, 1987; Klumpp et al., 1990) . In another study on tracheal myocytes, okadaic acid was shown to activate Ca*+-activated K+ channels in cell-attached membrane patches (Kume et al., 1989) . These findings indicate that in some cell types an ion channel phosphorylation/dephosphorylation cycle is continuously active, and that channel gating can be altered by modulating either the kinase or the phosphatase portion of the cycle.
Families of modulatable maxi-K+ channels
The properties of large-conductance Ca*+-activated K+ channels from a wide variety of tissues appear to be very similar (Latorre and Miller, 1983; Latorre, 1986; Singer and Walsh, 1986; Wolff et al., 1986; Marty, 1989) . However, our previous characterization of four types of Ca*+-activated K+ channels from rat brain revealed the existence of at least two types of maxi-K+ channels differing in their gating kinetics, Ca*+ sensitivity, and sensitivity to CTX (Reinhart et al., 1989) . These differences between maxi-K+ channels are further highlighted in the present study showing that PK-A can upregulate one and downregulate the other maxi-K+ channel type from brain. Hence, there may be a family of modulatable maxi-K+ channels in brain, differing not only in toxin-binding and gating properties, but also in their response to phosphorylation. Even channels that appear kinetically and pharmacologically similar may be affected in very different ways by protein phosphorylation. Similarly, channels that have common toxin binding sites may be kinetically distinct (MacKinnon et al., 1988) .
This concept of families of closely related potassium channels is highlighted by the large number of channel types isolated from rat brain cDNA libraries by cross-hybridization with a Shaker cDNA probe (Baumann et al., 1988; Iverson et al., 1988; Tempel et al., 1988; Stuehmer et al., 1989; Koren et al., 1990) . It was surprising to find that even very minor structural variations have been found to underlie differences in gating properties and the sensitivity to some blocking agents (Iverson et al., 1988; Kamb et al., 1988; Timpe et al., 1988; Pongs, 1989) . Similarly, the cloning of Na+ channels has revealed a family of different a-subunits (Noda et al., 1986) . Subunits of neuronal origin were found to be unique in that they contain an insert embracing a cluster of PK-A phosphorylation sites Rossie and Catterall, 1989) . The phosphorylation of these channels has been implicated in an altered binding to neurotoxins and may modulate the voltage dependence of inactivation . Furthermore, two different forms of L-type Ca*+-channel a-subunits have recently been characterized (De Jongh et al., 1989) , only one of which contains a C-terminal segment embracing multiple potential PK-A phosphorylation sites. Hence, while the ion-conduction and voltage-sensing components of many ion channels may be similar, there may be considerable variation in modulatory components of ion channels.
Finally, the results presented in this report highlight how diverse responses to a single second-messenger system can be generated. Different cell types, or regions within a cell, could respond to PK-A by either upregulating or downregulating maxi-K+ channels in response to a given stimulus. The magnitude and duration of the effect can be precisely modulated by setting the phosphorylation state of multiple sites in a channel not only by modulating the kinase activity, but also by modulating the phosphatase activity. If multiple phosphorylation sites modulate channel gating, then one can envision schemes in which not only the total number of phosphate groups, but also the order of phosphorylation and dephosphorylation that would generate different combinations of phosphate groups, may take on a special significance. The possibility of functional complexes involving ion channels, together with kinase and phosphatase activities, allows for an even greater diversity of responses to extracellular stimuli than that already afforded by the great diversity of different K+ channel types.
